Abstract Over the last two centuries, anthropogenic activities have increased the nitrogen amount in aquatic ecosystems, which has resulted in increased occurrences of blooms of cyanobacteria. This study investigated the effects of nitrite and the cyanobacterium Microcystis aeruginosa on population growth in the rotifer Brachionus calyciflorus. The rotifer was treated for 12 days with nitrite alone (medium containing 0, 3, 6, 10 mg NO 2
Abstract Over the last two centuries, anthropogenic activities have increased the nitrogen amount in aquatic ecosystems, which has resulted in increased occurrences of blooms of cyanobacteria. This study investigated the effects of nitrite and the cyanobacterium Microcystis aeruginosa on population growth in the rotifer Brachionus calyciflorus. The rotifer was treated for 12 days with nitrite alone (medium containing 0, 3, 6, 10 mg NO 2 2 -N L -1 ), M. aeruginosa alone (medium containing 0 mg NO 2 --N L -1 ? 5.0 9 10 5 cell ml -1 M. aeruginosa precultured at 0, 3, 6, 10 mg NO 2 --N L -1 ), and nitrite in combination with M. aeruginosa (medium containing 3, 10 mg NO 2 --N L -1 ? 5.0 9 10 5 cell ml -1 M. aeruginosa precultured at corresponding nitrite concentrations). We observed that a nitrite concentration of 10 mg NO 2 --N L -1 markedly inhibited the growth of B. calyciflorus; however, rotifer growth declined slightly in the presence of M. aeruginosa precultured at 6 mg NO 2 --N L -1 . Furthermore, reduced population growth of B. calyciflorus was observed when it was treated with both nitrite and M. aeruginosa compared to nitrite alone or M. aeruginosa alone. These results suggested that a high tolerance of B. calyciflorus to nitrite levels may be attributed to the absence of specific respiratory structures and pigments; and that the increased toxicity of nitrite in combination with M. aeruginosa may have been due to increased production of microcystin. It is also possible that nitrite and microcystin could act in a synergistic way in causing toxicity.
Keywords Growth Á Microcystin Á Nitrite Á Brachionus calyciflorus Á Microcystis aeruginosa During the past two centuries, and especially over the last five decades, humans have substantially altered the global nitrogen cycle, increasing both the availability and the mobility of nitrogen over large regions of earth (Galloway and Cowling 2002) . Consequently, a large amount of inorganic and organic nitrogen can enter aquatic ecosystems and result in increased concentrations of inorganic nitrogen in surface water (Rouse et al. 1999; Smith et al. 1999; Li et al. 2009 ). Nutrient concentration plays an important role in the growth of phytoplankton, and generally a combination of high nutrient load with warm, stable condition can stimulate phytoplankton to grow excessively and form blooms (Paerl 1988) . Microcystis aeruginosa blooms are common and widespread in eutrophied freshwater ecosystems. Some studies have revealed that many strains of this cyanobacterium produce microcystins, which pose a threat to humans by hepatotoxicity and inhibition of protein phosphatase types 1 and 2A (Mackintosh et al. 1990; Dawson 1998) . The increase of nitrogen in aquatic ecosystem can also cause significant enhancement of nitrite concentration due to imbalances in nitrification and denitrification processes (Philips et al. 2002) , In addition, certain human activities direct increase the amount of nitrite, such as industrial wastewater effluents, municipal sewage effluents, runoff from agriculture (Lewis and Morris 1986; Camargo and Alonso 2006; Li et al. 2009 ). On the basis of acute toxicity data, several authors have suggested nitrite levels over 0.35 mg NO 2 2 -N L -1 were toxic to sensitive aquatic animals (Camargo and Alonso 2006) , causing dysfunctions of the oxygen carrying pigments, as well as reductions in extracellular chloride concentration and muscle potassium content (Lewis and Morris 1986; Philips et al. 2002; Camargo and Alonso 2006) .
Zooplankton groups, particularly rotifers, cladocerans and copepods, represent the dominant component in freshwater bodies and are the natural food link between the primary producer (algae) and zooplanktivorous fish (Pennak 1989) . As such they are important in the maintenance of an ecological balance in fresh water ecosystems. Although numerous studies have examined the effects of microcystin produced by M. aeruginosa on zooplankton, few studies have focused on rotifers (Smith and Gilbert 1995; Nandini 2000; Geng et al. 2006) . Moreover, there is little information on the influence of nitrite on rotifers and microcystin toxicity. Thus, in the present study, we examined the effects of nitrite and M. aeruginosa alone and in combination, upon the growth in a laboratory culture of the rotifer Brachionus calyciflorus.
Materials and Methods
B. calyciflorus was collected from Lake Taihu (China) and maintained in the laboratory for 6 months prior to initiation of this experiment. A clone of this species was derived from a single female and cultured in EPA medium (Teresa et al. 2004 ) at 25°C, 300 lux and a 12 h light: 12 h dark cycle, on a diet of 5.0 9 10 5 cell ml -1 Scenedesmus obliquus. M. aeruginosa PCC7806 and S. obliquus were obtained from the Institute of Hydrobiology, Chinese Academy of Sciences (Wuhan, China). M. aeruginosa PCC7806, which produces microcystin-LR (Downing et al. 2005) , was grown in the sterilized modified BG-11 medium, where nitrate concentration was 50 mg NO 3 2 -N L -1 (Chen et al. 2009 ), at 25°C, 2500 lux and a 12 h light: 12 h dark cycle. S. obliquus was cultured in sterilized HB-4 medium (Ma et al. 2004 ) under similar condition. Cell densities were monitored by enumeration with microscope and hemacytometer. The experiment followed a factorial design with two factors, nitrite and M. aeruginosa. It investigated the effects of nitrite alone, M. aeruginosa alone and M. aeruginosa in combination with nitrite on B. calyciflorus. The effect of nitrite on B. calyciflorus experiment was carried out in four nitrite treatments (0, 3, 6, 10 mg NO 2 2 -N L -1 ) achieved by adding NaNO 2 to the EPA medium, based on the range of nitrite-N concentration reported by Masser et al. (1999) , Spieles and Mitsch (2000) and Li et al. (2009) .
To investigate the impact of M. aeruginosa on B. calyciflorus, M. aeruginosa was precultured in modified BG-11 medium with 0, 3, 6, 10 mg NO 2 2 -N L -1 . The nitrite concentration of medium was held constant by adding nitrite daily. The initial cell density was about 5 9 10 4 cell ml -1 . After 9 days of precultivation, the algae were harvested, centrifuged at 3,000g for 10 min, and transferred to EPA medium to form four different treatments: 0 mg NO 2 2 -N L -1 ? 5.0 9 10 5 cell ml
M. aeruginosa precultured at 0, 3, 6, 10 mg NO 2 2 -N L -1 ; the experiment of effect of nitrite in combination with M. aeruginosa on B. calyciflorus had two nitrite levels of 3 and 10 mg NO 2 2 -N L -1 . After preculturing at these two nitrite levels for 9 days, M. aeruginosa was transferred to EPA medium with 3 and 10 mg NO 2 2 -N L -1 , respectively to achieve two treatments: 3 mg NO 2 2 -N L -1 ? 5.0 9 10
2 -N L -1 ? 5.0 9 10 5 cell ml -1 M. aeruginosa precultured at 10 mg NO 2 2 -N L -1 . All experiments were conducted on a diet of 5.0 9 10 5 cell ml -1 S. obliquus at 25°C, 300 lux and a 12 h light: 12 h dark cycle. Five neonates (\6 h old) were introduced in 20 ml glass beakers containing 10 ml designated treatment medium. The animals were transferred daily to fresh treatment medium, and the numbers of all live individuals were recorded. The experiments were terminated after 12 days. Every treatment had three replicates. Based on population abundance data, the growth rate (r) was calculated using the equation r = ln (N t /N 0 )/t, where N 0 is the initial population density and N t is the population density after t days. Data of the maximum population density and r were treated statistically using one-way analysis of variance (ANOVA). Post hoc pairwise comparisons were performed (Tukey test) to compare a given treatment to all other treatments in every experiment. A probability of p \ 0.05 was considered statistically significant. All analyses were performed with SPSS.
Results and Discussion
The population density and growth rate of B. calyciflorus at different nitrite concentrations are presented in Fig. 1 and Table 1 . There were no significant impacts at nitrite concentrations of 0, 3 and 6 mg NO 2 2 -N L -1 on B. calyciflorus (p [ 0.05), but a statistically significant inhibition on growth of B. calyciflorus was observed at nitrite concentration of 10 mg NO 2 2 -N L -1 (p \ 0.05), where the growth rate and maximum population density decreased by 2.9 and 19%, respectively compared to 0 mg NO 2 2 -N L -1 .
The study of population growth is commonly used to evaluate the effects of many substances such as pesticide and heavy metals to zooplankton. In general, a reduction in the growth rate indicates that a substance is toxic to zooplankton (Forbes and Calow 1999) . Therefore, the present study suggested the nitrite concentration of 10 mg NO 2 2 -N L -1 caused toxicity to B. calyciflorus. Many laboratory studies have examined nitrite concentration inducing toxicity to freshwater invertebrates and fishes. These studies revealed Cherax quadricarinatus (decapod; adult), Oncorhynchus mykiss (salmonid; fry), Pimephales promelas (cyprinid; fry), Hexagenia sp (ephemeropteran; larvae) and Gammarus fasciatus (amphipod; adult) exhibited acute toxicity (96-hour LC 50 ) lower than 3 mg NO 2 2 -N L -1 (Russo et al. 1981; Ewell et al. 1986; Rouse et al. 1995; Camargo and Alonso 2006) . Compared to B. calyciflorus, these species seemed to be more sensitive to nitrite, possibly resulting from a difference in respiratory structures between B. calyciflorus and these species. C. quadricarinatus, O. mykiss, P. promelas, H. sp and G. fasciatus have gills and singular oxygen-carrying pigments. In contrast, B. calyciflorus has no specific respiratory structures and pigments, and the gas exchange is performed by simple diffusion through the body wall. The gills are the organs of active nitrite uptake, there is strong evidence that nitrite toxicity to aquatic animal is mitigated when inhibition of active diffusion of nitrite through the gill occurs (Russo et al. 1981; Lewis and Morris 1986; Camargo and Alonso 2006; Alonso and Camargo 2008) . In addition, nitrite could cause the conversion of oxygen-carrying pigments to a form that is incapable of carrying oxygen (Lewis and Morris 1986; Philips et al. 2002; Camargo and Alonso 2006) . Hence, the absence of these respiratory structures could be the reason for the high tolerance of B. calyciflorus to nitrite toxicity (Alonso and Camargo 2008) . Figure 2 and Table 1 show the effects of M. aeruginosa precultured at different nitrite concentrations on B. calyciflorus. The growth of animals in medium with M. aeruginosa precultured at 0 and 3 mg NO 2 2 -N L -1 did not exhibit significant change (p [ 0.05). However, the population growth of B. calyciflorus was statistically significantly inhibited in the presence of M. aeruginosa precultured at 6 and 10 mg NO 2 2 -N L -1 (p \ 0.05). As mentioned in the introduction, microcystin has been found to be toxic to humans, animals and plants. Some laboratory investigations have demonstrated that though B. calyciflorus was tolerant to microcystin to some extent, its growth was adversely inhibited by microcystin at M. aeruginosa concentration of 10 6 cells ml -1 (Smith and Gilbert 1995; Nandini 2000; Geng et al. 2006) . Therefore, we propose that the decreased population growth of rotifers in the presence of M. aeruginosa precultured at 6 and 10 mg NO 2 2 -N L -1 indicates a higher amount of microcystin. This would indicate an increase in toxin production per cell, given the equal cell density of all M. aeruginosa treatments. The production of toxin by algae has been suggested to have special biological functions, and can be governed by biotic and abiotic factors, such as temperature, pH, light intensity, nutrient concentration, zooplankton and fish (Westhuizen and Eloff 1985; Downing et al. 2005; MarÍa and Daniel 2005) . Recently, Jang et al. (2004 Jang et al. ( , 2006 and Gong et al. (2009) reported some chemicals that could stimulate microcystin production of M. aeruginosa. Moreover, our previous work found that high nitrite concentration caused a significant increase in MC-LR of M. aeruginosa (Chen et al. 2010) . Thus, it is reasonable to hypothesize that nitrite stimulated microcystin production in the algae, and the increasing toxin concentration resulted in the suppression of population growth in B. calyciflorus.
In comparing the effect of 3 mg NO 2 2 -N L -1 in combination with M. aeruginosa on B. calyciflorus to the medium with 3 mg NO 2 --N L -1 or M. aeruginosa precultured at 3 mg NO 2 --N L -1 alone, a significant decrease in population growth of B. calyciflorus was observed in the combination treatment of 3 mg NO 2 2 -N L -1 and M. aeruginosa precultured and tested in 3 mg NO 2 2 -N L -1 (Table 1 ; Fig. 3 ; p \ 0.05). Treatments of 3 mg NO 2 2 -N L -1 alone or M. aeruginosa alone precultured at 3 mg NO 2 2 -N L -1 did not result in significant population growth differences (p [ 0.0.05). Similarly, the growth of animals in the medium with both 10 mg NO 2 2 -N L -1 and M. aeruginosa precultured at 10 mg NO 2 --N L -1 showed a greater inhibition than the medium with 10 mg NO 2 --N L -1 alone, or M. aeruginosa precultured at 10 mg NO 2 2 -N L -1 alone (Table 1 ; Fig. 3 ; p \ 0.05). The influence of different abiotic and biotic factors on the toxicity of nitrite or microcystin is a subject of continued interest from different investigators. For example, the presence of chloride, calcium and selenium in the ambient water may significantly reduce nitrite toxicity to aquatic animals (Russo et al. 1981; Lewis and Morris 1986; Wang et al. 2009 ). Dithioerythrito and silymarinand protected against microcystin-induced toxicity toward cultured rat hepatocytes (Mereish and Solow 1990) . The present study examining the mutual influence of nitrite and microcystin showed that nitrite in combination with M. aeruginosa caused a greater reduction in population growth than either nitrite treatment alone or M. aeruginosa treatment alone.
In summary, B. calyciflorus showed a high tolerance to nitrite toxicity, possibly owing to the absence of respiratory structures and pigments. M. aeruginosa precultured at higher nitrite levels (6 and 10 mg NO 2 2 -N L -1 ) showed inhibition of population growth in B. calyciflorus, likey caused by promotion of algal growth and increased production of microcystin. In addition, the possibility exists that nitrite and microcystin could act synergistically in causing the observed toxicity. This suggests that the influence of M. aeruginosa on the toxicity of nitrite should be taken into account when the ecotoxicological risk assessment of nitrite is performed in aquatic ecosystems, and vice versa.
